In this paper, a single ion polymer electrolyte enhanced cellulose nonwoven separator has been successfully explored via a dip-coating process for high-performance lithium ion battery. The single ion polymer electrolyte was comprised of polymeric lithium tartaric acid borate salt (PLTB) and polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP). This single ion polymer electrolyte enhanced cellulose composite separator exhibited higher ionic conductivity, good flame retardancy and superior thermal resistance compared to the commercial polypropylene (PP) separator. Moreover, the composite separator at room temperature possessed lithium ion transference number (t Li + ) of 0.48, which was higher than that using the pristine cellulose nonwoven (0.31). Furthermore, it was demonstrated that the lithium cobalt oxide (LiCoO 2 )/graphite cell with the composite separator delivered superior rate capability and better cycling performance than those with PP separator. These fascinating characteristics would endow this composite nonwoven a promising separator for high-performance lithium ion battery. Lithium ion batteries have drawn extensive attention as high power sources for portable electronic devices such as smart phones, laptop computers and so on. [1] [2] [3] [4] [5] [6] [7] Recently, lithium ion batteries are becoming promising power sources for hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs) and electric vehicles (EVs). [8] [9] [10] [11] In lithium ion batteries, the separator plays a vital role in isolating the cathode from the anode, which is crucial to the battery safety.
Lithium ion batteries have drawn extensive attention as high power sources for portable electronic devices such as smart phones, laptop computers and so on. [1] [2] [3] [4] [5] [6] [7] Recently, lithium ion batteries are becoming promising power sources for hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs) and electric vehicles (EVs). [8] [9] [10] [11] In lithium ion batteries, the separator plays a vital role in isolating the cathode from the anode, which is crucial to the battery safety.
12, 13 The separator should be robust to avoid internal short circuit between the cathode and anode thus to improve battery safety. 12 Polyolefin-based separators have been extensively used as major separators for lithium ion battery. [14] [15] [16] [17] [18] However, such separators suffered from serious thermal shrinkage at elevated temperatures when the battery was running at high charge/discharge current or under abused conditions. [19] [20] [21] [22] So it is imperative to develop high performance separators with improved thermal dimensional stability and enhanced battery performance.
Cellulose with excellent thermal stability is one of the most abundant, renewable natural polymers. [23] [24] [25] [26] Recently, cellulose and its derivatives have been explored in lithium ion battery for the production of electrodes, separators or reinforcing agents in polymeric electrolytes. 24 Particularly, cellulose based separators can be fabricated by a facile and low-cost papermaking process in our lab. 24, 25 However, these cellulose based separators still have some disadvantages such as large-sized pores and flammability, which are hazardous to the battery safety. 27 In order to enhance battery safety characteristics, cellulose-based composite separators were explored by coating inorganic nanoparticles or compositing retardant and other high performance polymers. 12, 20, 25 Recently we developed a single-ion conducting lithium salt (PLTB, seen in Scheme 1), which was possessed of boron as central atom, surrounded by four oxygen ligands to form a delocalized system. 28 The molecular configuration was helpful to delocalize the negative charge of the central ion, and the anion became more thermodynamically stable. The synthesis of PLTB via a one-pot aqueous reaction was cost-effective owing to abundant tartaric acid from biomass. The PLTB was demonstrated to possess high lithium ion transference number (0.91), enhanced ionic conductivity and thermal stability. 28 The PVDF-HFP polymer is a well-known gel polymer electrolyte for use in rechargeable Li-ion batteries. 29 It behaved as a substrate and framework for dispersing the PLTB. In addition, PVDF-HFP performed as a binder to integrate the PLTB onto the surface of the composite separator. Herein, the single ion polymer electrolyte (SPE) enhanced cellulose nonwoven separator (SPEC) has been successfully explored by a dip-coating process. It was expected that such renewable SPEC z E-mail: liuzh@qibebt.ac.cn; cuigl@qibebt.ac.cn composite separator could possess desirable thermal behavior, higher ionic conductivity and electrochemical stability.
Experimental
Preparation of the SPEC separator.-The procedure for the synthesis of PLTB was presented in our previous work. 28 The coating solution consisted of PLTB, PVDF-HFP and NMP (10/10/80, w/w/w). The cellulose membrane (25 μm) was fabricated via a facile and costeffective papermaking process, which was also previously reported. 25 The pristine cellulose membrane was then immersed in the coating solution by a dip-coating process. The PLTB@PVDF-HFP solution soaked cellulose nonwoven was then dried at 120
• C for 5 hours in vacuum to remove residue NMP. The final thickness of SPEC was about 30 μm. The weight ratio of PLTB@PVDF-HFP to supporting cellulose membrane is 1/6 (w/w).
Characterization of SPEC separator.-The chemical structure of the membranes was characterized by Fourier transform infrared spectroscopy (FT-IR, Bruker VERTEX 70). Thermal stability of the separators was tested in an oven at 150
• C for 0.5 h. The thermal behaviors were evaluated by a differential scanning calorimeter (Diamond DSC, PerkinElmer) ranging from 50
• C to 300 • C at 10 • C min −1 under a N 2 atmosphere. The surface morphology of separators was observed by a Hitachi S-4800 field emission scanning electron microscope (SEM). X-ray diffraction (XRD) patterns of samples were recorded using a Bruker-AXS micro-diffractometer (D8 ADVANCE) with Cu-Ka · radiation (λ = 1.5406 Å) from 5
• to 80
• at a scanning speed of 0.33
• min −1 . The LOI values were determined using a JF-3 type instrument (China). Specimens of dimensions 100 mm * 37 mm * 2 mm were used for all the tests. The air permeability of the separator was examined with a Gurley densometer (4110N, Gurley) by measuring the time for air to pass through a determined volume (100 cc). The porosity of the separators was determined using n-butanol uptake method. For this purpose, the mass of the separators was measured before and after immersion in n-butanol for 2 hrs. The porosity of the membrane was calculated using the equation:
, where m b and m p are the mass of n-butanol and the separator, ρ b and ρ p are the density of n-butanol and the separator, respectively. Meanwhile we used density of cellulose (1.5 g/cm 3 ) to calculate the porosity of cellulose nonwoven. The electrolyte uptake was obtained by measuring the weight of separator before and after soaking in liquid electrolyte for 2 hrs and then calculated using following equation. Electrolyte uptake = (W f − W i )/W i × 100%, where W i and W f are the weight of the separator before and after soaking in the liquid electrolyte, respectively.
Electrochemical Measurements.-For the measurement of electrochemical performance, a liquid electrolyte of 1 M LiPF 6 in EC/DMC (1/1, v/v) was employed. The ionic conductivity of separators between two stainless-steel plate electrodes was obtained by an AC impedance analysis using a Zahner Zennium electrochemical working station over a frequency range of 1-10 6 Hz with a perturbation amplitude of 10 mV. Then the ionic conductivity could be calculated from bulk resistance with the equation: σ = L/AR, where L and A were the thickness and the geometric area of the separator, respectively, while R was the total resistance of the electrolyte across the membranes. Lithium ion transference number was measured according to the method described by Evants et al. 30 The method involved sandwiching the sample membrane in both lithium electrodes. After having measured the total initial resistance by AC impedance, a DC potential of 10 mV was applied until a steady state was reached. Finally, the resistance was again measured by AC impedance, t
, Where t + is the cationic transference number, V is the potential applied across the cell, R o el and R s el are the initial and steady-state resistances of the passivating layers on the Li electrode and I o and I s are the initial and steady-state currents. The dependence of ionic conductivity on temperature can be reasonably fitted by the following equation: σ = A exp(-Ea/RT), where A is the pre-exponential factor and Ea is the activation energy.
A unit cell (2032-type coin) was assembled by sandwiching a separator between a natural graphite anode (natural graphite/carbon black/CMC/SBR, 93/5/1.25/0.75, w/w/w/w, around 8.79 mg cm −2 active material on copper metal foil disk, = 14 mm) and a LiCoO 2 cathode (LiCoO 2 /carbon black/PVDF, 90/5/5, w/w/w, around 18.65 mg cm −2 active material on aluminum metal foil disk, = 12 mm), and then activated by filling it with the liquid electrolyte of 1 M LiPF 6 in EC/DMC (1/1, v/v). All cells were assembled in an argon-filled glove box. The charge/discharge performance was evaluated under a constant charge/discharge current and constant voltage charge along with the discharge densities were varied form 0.2 C (0.35 mA cm −2 ) to 4.0 C (7.0 mA cm −2 ) for rate capability and 0.5 C (0.88 mA cm −2 ) for cycle test.
Results and Discussion
Typical SEM images of the pristine cellulose nonwoven and the SPEC separator were shown in Figure 1 . It was observed in Figure 1a that the pristine cellulose nonwoven consisted of randomly arranged fibers with diameters about 0.2∼2.0 μm and it possessed excessively large-sized pores (>2 μm), which was not beneficial to maintain the open circuit voltage due to self-discharge. And then we put PVDF-HFP and PLTB single ion conductor into the cellulose nanofibers. As shown in Figure 1b , the pore diameter of the SPEC separator was about 1 μm. The well interconnected microporous structure between the interlaced microfibers was expected to suppress the growth of lithium dendrites and the micro short-circuit between cathode and anode, which can ensure an improved safety and battery performance. Figure 2 depicted the IR spectra of the PLTB@PVDF-HFP, the pristine cellulose nonwoven and the SPEC separator. The absorption peaks of PLTB@PVDF-HFP were situated at 2930, 1742, 1635, 1404, 1326, 1147, 839 and 751 cm −1 , which were assigned to -CH 2 -stretching, C=O stretching, C-C stretching, -CH 2 -deformation, B-O anti-symmetric stretching, -C-O-stretching and -CF 2 -bending and skeletal bending, respectively. 13, 28 The typical peaks of cellulose were situated at 3300, 2929, 1646 and 1059 cm −1 , attributing to -O-H stretching, C-H stretching, C-C stretching and -C-O-stretching, respectively. The presence of all typical peaks of PLTB@PVDF-HFP and cellulose in the spectra of the SPEC separator indicated that the composite separator was successfully prepared by the dip-coating process. Figure 3 showed the XRD patterns of SPEC separator, cellulose nonwoven, pure PLTB, pure PVDF-HFP copolymer and solid polymer electrolyte PLTB@PVDF-HFP. The XRD pattern of pure PLTB exhibited diffraction peaks at 13.3
• , 19.5
• , 23
• , 32
• and 35.7
• . The PVDF-HFP had diffraction peaks at 18.5
• , 20
• , 26.6
• , and 38.9
• , which corresponded to the crystallization phase of pure PVDF. 31 This confirmed the partial crystallization of PVDF units in the copolymer and gave a semi-crystalline structure of PVDF-HFP. 32, 33 The three diffraction peaks occurred at 12.2
• , 20.1
• and 21.6
• of cellulose nonwoven, which were the typical diffraction patterns of cellulose II. 34 After the addition of polymer lithium salt (PLTB) into PVDF-HFP and then onto the cellulose nonwoven, the diffraction peaks of pure PLTB disappeared. The absence of crystalline PLTB and PVDF-HFP peaks indicated, to some extent, that these two phases were well compatible. This indicated that PLTB homogeneously dispersed in the PVDF-HFP exhibited an amorphous structure, which would facilitate dissociation and migration of Li + in the polymer matrix and enhance the ionic conductivity.
In order to investigate the thermal behavior of SPEC separators, the differential scanning calorimetry (DSC) curves of the PP (Celgard 2500) and SPEC separators were compared in Figure 4 . The exothermic peak of Celgard 2500 at 160.4
• C was related to the melting temperature of this separator, which meant that this separator would shrink and melt down above 160
• C. Whereas the SPEC separator displayed no obvious exothermic or endothermic peaks up to 300
• C, indicating that the SPEC separator possessed superior dimensionally thermal stability. Figure 5 showed that Celgard 2500 separator generated significant shrinkage after exposure to 150
• C for 0.5 h, while the dimensional change of SPEC separator appeared to be negligible. Hence, SPEC separator was expected to be a highly safe separator for lithium ion battery with requested thermal safety.
The flame retarding ability of the separators is greatly associated with the battery safety. The flame retarding testing was shown in Figure 6 . When the pristine cellulose separator was set on fire, the separator caught fire rapidly (Figure 6b ). This behavior was similar to the traditional polyolefin-based separators. In contrast, SPEC separator caught fire slowly and self-extinguished when the flame was removed (Figure 6d) . A flame retarding ability was attributed to the synergetic effect of the boron component in the PLTB and PVDF-HFP, which were reported to be good flame retardants. The limiting oxygen index (LOI) of PP separator, cellulose separator and SPEC separator was 18%, 17% and 29%. The higher LOI value of SPEC separator also demonstrated the better flame-retardancy. These properties enhance the safety of lithium-ion batteries when compared to the commercial polyolefin or cellulose separators. Table I listed the thickness, porosity, air permeability, electrolyte uptake and ion conductivity of the PP separator and the cellulose-based separators. It was worth noting that the porosity of the SPEC separator (70%) was fairly higher than that of PP separator (55%). The Gurley value of the SPEC separator was 41.5 s, which was much lower than that of the PP separator (235 s). The ionic conductivity of electrolyte using SPEC separator was 1.78 mS cm −1 , which was significant higher than that of PP separator (1.05 mS cm −1 ). The activation energy of the SPEC separator, PP separator and Cellulose separators were calculated to be 16.86 kJ/mol, 20.86 kJ/mol and 20.19 kJ/mol, respectively. The activation energy of the SPEC separator was slightly lower than those of PP separator and Cellulose separators, which would be favorable for the ionic conductivity (Seen in Figure 7) . It was deduced that the SPEC separator possessed higher porosity, improved ionic conductivity and lower Gurley value, which would be beneficial to the rate capability of the battery. In contrast with the pristine cellulose nonwoven, although the dip-coated PLTB@PVDF-HFP alleviated the porosity to some extent, the SPEC separator after coating still possessed considerable porosity for holding sufficient liquid electrolyte in facilitating rapid ionic transportation. Moreover, the improvement of ionic conductivity was attributed to the addition of PLTB single ion conductor, which was beneficial to improving the performance at low temperature (<−10 • C) (Seen in Figure 7) .
As the electrodes only exchange Li + with the electrolyte, a salt concentration gradient will be established during operation. The Li + depletion and anion overconcentration increase the polarization. Moreover, the mobile anions take part in undesirable side reactions at the electrodes, which also can directly affect the performance of batteries. Therefore it is necessary to increase Li + transference number to gain good performance for lithium ion batteries. To further interpret the effective increment of the ionic conductivity of the SPEC separator, the Li + transference number was estimated by chronoamperometry ( Figure 8 ). It was demonstrated that the SPEC separator possessed significantly increased Li + transference number of 0.48 when it was compared to that of the pristine one (0.31). The PLTB@PVDF-HFP membrane in liquid electrolyte behaved principally as a gel type of electrolyte with a high transfer number of 0.91. 28 Therefore, the cellulose composite separator after coating PLTB@PVDF-HFP exhibited higher lithium ion transference number in the liquid electrolytes. This higher Li + transference number would deliver higher Li + conductivity, which was critical factors in improving the battery rate capability.
It was shown in Figure 9 that the 1 st cycle and the 100 th cycle charge/discharge curves for the cells using the PP separator and the SPEC separator, respectively. The long plateau in the range of around 3.7 V in the first charge curve for each sample was attributed to the oxidation of Co 3+ to Co 4+ , as shown in Figure 9a . The first irreversible
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Journal of The Electrochemical Society, 162 (6) A834-A838 (2015) Figure 10 . Rate capability (a) and cycle performance (b) of the cells using PP separator, pristine cellulose separator and SPEC separator.
specific capacity loss of the cell using the SPEC separator (19 mAh g −1 ) was much less than that of PP separator (28 mAh g −1 ), resulting in an increased initial coulombic efficiency from 83% to 88%. This initial coulombic efficiency improvement may be attributed to the suppressed the sides reactions at the electrodes by the increased lithium ion transference number. Figure 9b presented that the discharge capacity of the cell using SPEC separator (127.5 mAh g −1 , normalized by the mass of LiCoO 2 ) was higher than that using PP separator (114.3 mAh g −1 ) after 100 cycles, which indicated that the cell using cellulose composite separator exhibited superior cycling performance compared to the cell with PP separator.
The battery using the SPEC separator exhibited much better rate capability than the PP separator and pristine cellulose nonwoven at various discharge rates (seen in Figure 10a ). The specific capacity of the battery using the pristine cellulose nonwoven, PP separator and SPEC separator was 136 mAh g −1 , 135 mAh g −1 and 138 mAh g −1 at 0.5 C, respectively, and remained 108 mAh g −1 , 102 mAh g −1 and 125 mAh g −1 at 4 C, respectively. It was obvious that the enhanced composite separator performed the best rate capability than the other two separators. This was undoubtedly attributed to the improved Li + transference number of the SPEC separator which contributed to the remarkably higher ionic conductivity and much less polarization. The cyclability of the cell with SPEC separator was displayed in Figure 10b at charge/discharge rate of 0.5 C. The obtained discharge capacity after 150 cycles was around 120.8 mAh g −1 indicative of capacity retention about 90%, which was significantly higher than 83% of PP separator. It was manifested that the SPEC separator exhibited better cycling performance than that of PP separator and pristine cellulose nonwoven.
Conclusions
In summary, it was demonstrated that the SPEC separator possessed excellent flame retardant performance, which would greatly enhance the safety of lithium-ion batteries. The lithium batteries using composite separators exhibited superior rate capability and favorable cycling performance compared to those batteries using PP and pristine cellulose nonwoven. The improved electrochemical performances were ascribed to an improved lithium ion transference number resulting from the coating layer of single-ion polymer electrolyte. Therefore, the SPEC composite separator would be a very promising alternative separator for the high performance lithium ion batteries.
